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AIRCRAFT RECEPTION OF 137 - 138 MHz AND 400.15 - 401 MHz METEOROLOGICAL-
SATELLITE SIGNALS SHOULD BE PROTECTED ONLY WHILE THE ASSOCIATED SATELLITE
IS LOCATED AT ELEVATION ANGLES OF FIVE DEGREES OR GREATER

Thomas M. Sullivan

1. Introduction

The analysis of reception of Meteorological-Satellite (“MetSat™) signals that was filed with the FCC by
Leo One USA' considered typical MetSat receivers with a low-gain, hemispherical-coverage antenna
operating at an unobscured site on land. These receivers are representative of Earth-based, portable,
low-cost earth stations that receive transmission from NOAA and DMSP satellites. That analysis
demonstrated that in light of attendant functional requirements, performance factors, and international
frequency sharing criteria, MetSat earth station receivers operating at 137-138 MHz and 401.5 - 401
MHz should be protected only while the associated satellites are located at elevation angles of five (5)
degrees or greater. Subsequently, questions have arisen regarding the applicability of these findings to
reception of MetSat transmission by aircraft earth stations. The international performance and sharing
criteria considered in the previous analysis apply equally to reception by Earth-based and airborne
aircraft earth stations.” Specifically, no performance objectives or interference and sharing criteria have
been developed for reception of MetSat signals by aircraft at elevation angles less than five (5) degrees.
This is because functional requirements of meteorologists generally impart no need to receive MetSat
transmissions at such low elevation angles, as discussed below. This notwithstanding, applicable
measurements and models indicate that as for land-based earth stations, aircraft reception of MetSats
below five (5) degrees elevation would not be possible as a result endemic performance limitations.

2. Functional Requirements for MetSat Reception by Aircraft

The observations made in the analysis of functional requirements for reception of MetSat signals
from Earth-based receivers also apply to reception by aircraft earth stations. Specifically, the duration,
geographic extent and frequency of data reception from a MetSat satellite at low elevation angles are all
too small to support reliable forecasting for the corresponding distant-areas being observed by the
satellite. Thus, when MetSat data are needed for these distant areas, the data are obtained either from a
MetSat earth station that is proximate to the distant area (e.g., via a communication link) or from
playback of data recorded by the satellite when it is observing the distant area. The fact that the MetSat
satellites are visible from aircraft at lower elevation angles than from Earth-based earth stations has no
bearing on the underlying requirements of meteorologists.

! See Comments of Leo One USA in IB Docket No. 96-220, December 20, 1996 at Appendix D.

2 For the 137-138 MHz and 400.15 - 401 MHz bands, Recommendations ITU-R SA.1025-1
and SA.1026-1 specify meteorological satellite performance objectives and interference criteria for
99.9% of the time that the elevation angle is five (5) degrees or greater.



3. Performance Limitations
3.1 Department of Defense Measurements

Multipath fading levels measured for aircraft reception of VHF/UHF satellite transmissions
indicate that the average fading depth at minus four (-4) degrees elevation is 4 dB and increases to 6 dB
as the elevation angles is increased to five (5) degrees.3 As shown in Tables 1-3, below, the average
(50%ile) values of fading for aircraft reception of 137-138 MHz and 400.15-401 MHz MetSat
transmissions exceed the power margins available for fading.4 Even larger fade levels are exceeded for
smaller but significant percentages of time. Thus, aircraft reception of MetSat signals generally is not
possible at elevation angles less than five (5) degrees.

Table 1 - Comparison of Fade Margins and Average Fade Levels for Aircraft Reception of
NOAA APT Transmissions (137-138 MHz)

Elevation
Angle 5 4 3 2 1 0
(degrees)
Fade Margin
(dB) -3.4 -3.5 -3.8 -4.1 -4.4 -4.7
Average
Fade Level 6.1 5.7 5.3 5.0 4.7 44
(dB)

Table 2 - Comparison of Fade Margins and Average Fade Levels for Aircraft Reception of
LRPT Transmissions (137-138 MHz)

Elevation
Angle 5 4 3 2 1 0
(degrees)
Fade Margin
(dB) 0.8 0.7 0.4 0.0 -0.3 -0.5
Average
Fade Level 6.1 5.7 5.3 5.0 4.7 4.4
(dB)

3 “Airborne Measurements of Electromagnetic Wave Reflections from Land and Sea Water,” Allen

L. Johnson, U.S. Air Force Avionics Laboratory, Advisory Group for Aerospace Research & Development,

Conference Proceedings No. 269. See Figures 7, 14, and 18.

4 The fade levels presented in Tables 1-3 are average fading depths given in the reference of n.3,
infra, for an aircraft at 30,000 feet and reception at 300 MHz (circular polarization). Frequency sensitivity
of fading between 137-138 MHz and 400.15-401 MHz was found to be less than 1 dB in the analysis of
Earth-based reception (n.1, infra). The fade margin presented in Tables 1-3 are derived from the link
power budgets presented in the analysis of earth-based MetSat earth stations (n.1). Specifically, the fade
margins are the sum of entries in Tables 1a, 1b, and 2 of the preceding analysis for Surface Multipath,
Refractive spreading and Power margin.




Table 3 - Comparison of Fade Margins and Average Fade Levels for Aircraft Reception of
DMSP Transmissions (400.15-401 MHz)

Elevation
Angle 5 4 3 2 1 0
(degrees) .
Fade Margin
(dB) 2.2 2.1 1.8 1.4 1.2 0.9
Average

Fade Level 6.1 5.7 53 5.0 4.7 44
(dB)

32 ITU-R Models of Propagation Impairments

Models for propagation impairments have been developed by the ITU-R for aeronautical earth
station reception only near 1.5 GHz and at elevation angles exceeding three degrees.5 However, the
measurements discussed above corroborate the form of the ITU-R multipath model that was applied in
the analysis of reception by land-based earth stations that demonstrated that the 80%ile multipath fading
(and average refractive spreading) losses exceeded the available fade margins at low elevation angles.
Based on the sensitivity manifest in the ITU-R multipath and refractive spreading models to varying
frequency and antenna height as well as comparison of models for aircraft and Earth-based reception

near 1.5 GHz,® the propagation impairments occurring with aircraft reception will differ from those with
Earth-based reception in the following respects:

(1) The refractive spreading loss experienced by airborne airaraft earth stations will be less in the
range of zero-to-five degrees elevation, but will be comparable (i.e., up to about 2.7 dB) at
elevation angles less than zero degrees (i.e., at positive depression angles) due to the signal
path’s transiting of atmosphere having a high index of refraction.

(2) The correlation bandwidth and Doppler spread experienced during aircraft reception
generally impose substantially greater degradation to aircraft reception. The correlation
bandwidth for an aircraft at high altitude is less than 40 kHz; thus, receiver equalization
generally is needed to receive the wider bandwidth signals of LRPT at 137-138 MHz and DMSP
at 400 MHz to limit the degradation to aircraft reception. .

5 ITU-R Recommendation 682-1, “Propagation Data Required for the Design of Earth-Space
Aeronautical Mobile Telecommunication Systems.”

8 The sensitivity of propagation impairment models to varying frequency and antenna height and

comparisons of the impairments encountered with reception by aircraft and Earth-based earth stations are
based on the information in ITU-R Recommendations 682-1 (n. 5, infra) and 681-1 (“Propagation Data
Required for the Design of Earth-Space Land Mobile Telecommunication Systems”); Reports 1169 (:Sea
Surface Multipath Effects in the Aeronautical Mobile-Satellite Service™), 1008-1 (used in the analysis of
Earth-based MetSat earth stations), and 925-1 (“Factors Affecting the Choice of Antennas for Mobile
Stations of the Land Mobile-Sateliite Service”), and the ITU-R Handbook on Radiometeorology (1996).



(3) The multipath losses experienced by aircraft earth stations generally will be significantly
greater than those experienced by Earth-based earth stations for a given percentage of time. The
fading statistics are dependent on the location of the receiver antenna on the aircraft fuselage. If
mounted atop a large fuselage in a manner that obstructs degrading surface multipath signals,
then the fuselage also would obstruct the signal from the satellite when it is at low angles of
elevation. If otherwise mounted to afford unobstructed view of the MetSat satellit¢ when it is at
low elevation angles, which is typical of aircraft antenna installations, then the full brunt of the
surface multipath signals will be received and compounded by multipath signals from the

fuselage itself.

In sum, the theoretical models indicate that the net propagation impairment to reception of
MetSat transmissions by aircraft at low elevation angles generally is more severe than that experienced
by Earth-based receivers. Thus, it is concluded that reception of MetSat signals at elevation angles
below five degrees on aircraft is at least as unreliable as reception by Earth based terminals.

7 The reference cited in n.x presents measured aircraft antenna “illumination factors” (i.e., ratio of
antenna gain levels towards the area of Earth reflection and toward the satellite), which demonstrate that
typical aircraft antennas (blade or crossed-dipole) operating at 30,000 feet altitude have illumination
factors of greater than -1 dB at zero (0) degrees elevation or less. Interpolation of values averaged over
all aircraft bearings relative to the satellite yields an illumination factor of -1.2 dB at five (5) degrees
elevation. This means that the aircraft fuselage typically provides no substantial shielding of the degrading
surface multipath signals at low elevation angles.
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. AIRBORNE MEASUREMENTS OF ELECTROMAGNETIC WAVE REFLECTIONS FROM LAND AND SEA WATER

Allen L. Johnson
U. $. Afr Force Avionics Sboratory
Wright-Patterson AF8, Ohie

SUMMARY
Multipath fading caused by terrain reflections can disrupt an airborne communication or navigation system.
The severity of the multirath is dependent upon the antenna 1)lumiration factor, surface reflection -
efficient, and the diverytace of tne rel'ected signal, Airborne measurements Rave verified that severe
sultipath is regularly encountered over water when the aircraft is communicating with a satellite at 4 low
elevation angle. Techniques which can reduce the multipath fading effect include the use of directive
antenmas, circular polarizatton and diversity techniques.

1. ] NTRODUCTION

The reflection of electromagnetic waves from the terrain can cause interfersnce in the form of sultipath
fading, which can severely disrupt an airborne communication or naviagation system. The dasic problem
explored fn this paper fs the development of the theoreticsl and measured muitipath fading characteristics
of & satellite~to-aircraft comunication/navigation system and suggested techniques for improving system
performance.

2. MULTIPATH MODEL

The multipath mode) which is proposed consists of a direct component and two reflective components, 2
specular and a diffuse, Flgure 1. The severity of the effect of multipath fading is dependent upon the
antenns pattern, the reflection coefficient, and the curvature of the reflecting surface. The depth of
mltipath fading is given by (Franklin, S. B.., 197)):

Fade depth in db = 20 log {1 - X?|RID)

where K* is the antenna illumination factor (ratio of antenna gain in direction of reflection to qain in
direction of direct path); R is the reflection coefficient of the reflecting surface; and R is the divergence
factor for the soreading from the curved earth,

2. Adtanma [Vlumination Factor

«  The antenna pattern, or antenna 1)lumination factor, has ¢« major influence on the multipath
severity, Three types of antennss are illustrated in Figure 2. The first {s a blade type antennma which
has a horizon coverage pattern. The horizon coverage pattern tends to 1)luminate the reflecting surface
and generally results in a large 11lumination factor.

The antenns 11lumination factor {s dependent upon the azimuth direction. Any rea) antenna mounted on sn
aircraft has nulls and peaks in its pattern, and the gain toward the satellite or toward the reflecting
surface varies with the aircraft heading. The average illumination factor, k*, from a measured blade
antenns pattern on an afrcraft {s given in Table I. A range of K* for the best and worst case atrcraft
directions is given in Table Il.

The overhead antenna pattern characteristics of a cross-dipole antenna give considerable protection to the
multipath reflective component when the satellite {s at & high elevation angle. This discrimination re-
sults in a low antenna illumination factor, Table 1.

A third antenns type {s a directive antenpa primarily used at the microwave frequencies. The directive
antennd, 3gain, gives good protection asgainst the reflected signal unless the satellite is right on the
horizon, Table I.
TABLE I: Antenna INlumination Factor (k') for Various Antennas*
(For Afrcraft at 30,000 F¢.)

ELEVATION AVERAGE AVERAGE OMN] AVERAGE AVERAGE

ANGLE HORI 20N ANTENNA OVERKEAD  OIRECTIONAL
- ANTENNA ANTENNA ANTENNA
'W.. N 10 . 025 003
80 14 .10 .026 .003
700 4 .10 .032 .003
60° N4 .10 .032 .003
s0° 4 4 ,032 .003
40° 8 .18 .04 .0
30. .22 .32 .05 .02
20° .50 .56 .08 .03
10 N 1 .20 10
0 .94 .94 .89 .16
-3° 1.00 1.00 1.00 1.00°

*from Byrnside, W. D. et a) 1973
Clanton, S., 1974
Maroth. V.. 1963



112
. TABLE II: Antenna INumtnation Factor Variances (K!)*
(For Ajrcraft »t 30,000 ft.)
Typical Horizon CoveragegAntenna
ELEVATION ANGLE NINIMUM K3 AVERAGE K3 MAXIMUM K2
90°* .10 .18 1.00
go* g0 4 79
70° .03 .14 .56
60* .03 A4 i
50° .03 4 .86
4o° .23 .8 .56
30° .03 22 .79
i} .03 .50 .79
10° .10 2 .89
0* .89 .94 1.00
-3 1.00 1.00 1.00
*from Clanton, S., 1974
2.2 Reflection Coefficient

The reflection coefficient used in the preceding equation is a canbfnniion of the basic reflection
coefficient of the surface multiplied by the speculsr, or diffuse, reflection coefficient.

The basic
reflection coefficient is dependent upon the type of reflecting surface, the polarization of the reflected
wave, the elevation angle of the reflection and frequency.

for & horizontally polarized incident wave, the refliection coefficient is given by (Reed and Russell, 1964):

Ry * Sinw - /¥ - Costy
sinp +/nf - Cos? ¥

where

¥ 95 the grazing angle shown in

f
Figure 3 ¢

¢r s the relative dielectric constant

o 1s the conductivity in mhos/meter

fo is the carrier frequency In Miz

n? {5 a complex reflectivity factor = ¢, - § 18000 g

Nedther the amplitude nor phase of the horizontal reflection coefficient is very sensitive to the physice)
surface constants nor frequency, Figure 4. Typical values of the physical constants for various types

surfaces are given in Table III.

TABLE 1I1:
SURFACE TYPE

PERMEABILITY

Physics] Properties of Yarious Reflecting Surfaces*

DIELECTIC CONDUCTIVITY
v ey o
Free space 1,257 x 107* = 8.855 x 10°% = ¢,  mwho/meter
. Henrg/meter Farad/meter

Distilled Nater 78 Y x 10~*
Fresh water 80 8 x 10~
Sea water 80 5

Ice (fresh water) 3 2 x 107"
Jry, sandy, flat coastal land (dry esrth) 5 ) x 10~
Marshy, forested, flat land (wet earth) 30 ) x 10
Farmland ~- Yow hills 15 1 % Yo~?
Pastoral lang, medium hills - 13 § x10°!
Rocky land, steep hilis 10 2 x 10~}
Mountainous 5 1 = 10°?
City, residential srea 5 2 x 10?
City, industrfal area 3 1 x 107}

*from Kerr, D. E., 1951

Reed and Russel), 1964
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When there is water, snow or ice over another surface such as land, the depth of penetration of the
electromegnetic wave determines whether the top surface or a combination of the top and underlying surface
determine the physica) constants. The depth of penetration 35 given by (Jordan, E. C., 1955):

s-(;:_[u %" ])u

w

where: $ = depth of penetration

u * permesbility in ‘ianry/meter

t » dielectric constant 1n Farad/meter
‘g » conductivity in mhos/meter

w « 2r f. in Hert2 .

fc~ carrier frequency in Hertz

The depth of penetrit1on for several surfaces at 300 MM2 is.given in Table IV,

TABLE 1V: Depth of Penetration

{For 300 MNz)
Sea Vater 0.015 metars
Fresh water 5.93 meters
Ice 45.93 meters
Average land 2.06 meters

For a vertically polarized incident wave, the reflection coefficient s given by {Reed and Russel), 1964):

Ry = ndSiny - /T - Cos” p
n Siny + / n% - Cos?

The amplitude of the vertical reflection coefficient goes through a minimun at a grazing angle {called the

Brewster angle) which is dependent on the physica) surface constants and frequency. Two examples are shown

in Figure 4. The phsse goes through a 180° reversal sround the point of minimum amp)itude.
For a circularly polarized incident wave, the reflection coefficient s given by (Chinnick, J. H., 1977):
Reg = /Ryt « R+ 2 Ry R, Cos (o) - ¢y)

cs
2
when the direct and reflected waves have the same sense circular polarization
and Reo ® {th +R%, - 28R, Cos (e - .
2

when the direct and reflected waves have opposite sense circular polarization.

The amplitude of the same sense circular reflective coefficient falls detween the horizontal and vertical
reflection coefficients. The amplitude of the opposite sense circular reflection coefficient starts high

;t large grazing angles 1ike the horizonta) reflection coefficient and goes to zero as the grazing angle

ecreases to zero.

The surface roughness will determine the ratio of specular to diffuse reflected enerqgy. For a smooth
surface the specular component will predominate, while for a rough surface, the diffuse scattered
component predominates, Figure 5 (Beckmonn and Spizzichino, 1963). For a relatively smooth surface the
coherent scattering is Timited vo the first Fresnel Zone. KHowever, for a very rough surface such as 2
rough sea, the scattering may come from a consfderably larger area.

Surface roughness tends to be elevation angle dependent. Even the very rough sea appears smooth when viewed

from a very Tow elevation angle. The relationship between surface roughness and elevation angle 4s shown
in Table V. When the grazing angle exceeds about twice the critical angle shown in Table V, the specular
component becomes insignificant and the reflection coefficient depends upon the d4ffuse scattering factor.



‘ TABLE V: Maximum Angles for Specular Reflection at Different Frequencies and Sea States®
Sea State Description wave Rms Height,
Number of Ses Height (m) op (m

] Smooth 0-0.3 0-0.065 >4§ »13 »6 >1.8
2 SYight 0.3~} 0.065-0.21 12-48 4-13 1.8+6 0.5-1.8
3 Moderate 1-1.§ 0.21-0.22 812 2.6-4 1.2-1.8 0.3-0.5
4 Rough 1,5-2.5 0.32-0.54 5-8 1.6-2.6 0.7-1.2 0.2-0.3
5 Very rough 2.5-4 0.54-0.86 3-§ 1-1.6 0.4-0.7 0.12-0.2
6 Migh 4-6 0.86-1.3 2-3 0.7 0.3-0.4 0.04-0.12
7 >6 »1.3 <2 <0.7 <3 <0.04

=from Becxmann end Spizzichino, 1963
2.3 Divergence Factor
The d1ve;9ence factor takes into consideration the convex shape of the reflecting surface.

The divergence is given by {Beckmann and Spizzichino, 1963):

pefle 244, Mo e
r({d) +dxf5Tny F'TZ;'?'Z;T

Refer to Figure 3 for definftion of terms,

The divergence is very sensitive to the height of the receiving antenna, The divergence factors for an
antenna at Y00 feet, 30,000 feet, and 70,000 feet is shown in Figure & (Foley, et a), 1968)

2.4 Fade Rate

The multipsth fade rate can be determined geometrically by calculating the rate of change of the path
difference between the direct and the reflected component (Bond, F.E.,1967).

Fade rate » do d(ad) f,
3t d& ¢

(See Figure 3 for definition of terms).
Where 8 = great circle angle between aircraft and satellite
& =dy+rdy-d
fo = carrier frequency
¢ = speed of )ight
[(r M) (r+ ng)? - 2 (r ¢ M) (r+hy) Cos 8))4
dy = {r*+(re+n)t-2r (r+h) cos Bt

[- 9§
»

dy = [rt « (r+hy)? - 2r (r+n,) Cos 8]k

L} =g+
Cos 8= _r u+[u’+(:_:__t_\_1)‘ -w(rtl“)’-u]‘l)
r+h r ATF
where
w = (r + hy)? Sin* §

\r* hp)® e rT < dr {r ¢ hy) Cos 6

These equations predict the fade rates shown in Figure 7. Measurement of the power spectra) density of the
sfgnal shown in the top of Figure 7 is plotted in Figure B (Johnson, et al, 1979). Nhilé the diffuse power
specira) density decreases at approximately =%, a very Strong specular compoment can be seen at approxi-
mately .75 Hz. The autocorrelation function of this same signa) shows a repetitive correlation with a
spacing of approximately 1.3 seconds, Figure 9.

3. MEASUREMENT TECHNIQUES
3.1 Psuedo-Random Sequence

One of the measurenment techniques used to separate ‘the direct and reflected signa) component 15 the use of
psuedo-random (PRN) sequence and correlation techntque. One PRN system which has been tested utilized a

127 bit direct psuedo-random sequence transmitted through the satellite (Prettie, et ad, 1977). At the
receivino termina) the matehing 127 bit ncusda-randnm conianrs Lse rArmalatad with

oha manafua sdannl 2ud
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between the direct and the reflected correlation indicates the amplitude difference of the direct and
reflected signals. The time difference indicates differential path delay.

The results of the PRR correlation technique with the sate1fite at a high elevation angle are shown in
Figure 11 for an overhead type antenna (Johnson, A. L., 1978-1}. The reflected signal is delayed approxi-
mately SO microseconds and {s approximately 20 db lower fn amplitude than the direct signal. The resylts
{n Figure 12 are for & horizon coverage antenna at a satellite elevation angle of 24°. Here the reflected
signal is only approximately 1 db below the direct signal. A rather long trafl of diffuse energy 1s
evident with delays up to 1S microseconds later than the specular component. The energy reflected from ice,
Figure 13, 1s approximately 5 to 10 db below the direct signal. The reflections from land, even it
relatively Yow elevition angles {Fig:re 14) are down significantly from the water reflected muscipath.

3.2 Directive Antennas

Another technique which provides information on the reflected component is the use of a directive, bottom-
mounted antenna and 3 separate antenna mounted on top of the afrcraft (Prettie, C. W., 1977). This
‘technique allows the measurement of the direct and reflected components for medium to high elevation angles,
as shown in Figure 15. Over water the bottom antenna ylelded a strong reflected signal at high elevation
angles with the average reflected energy approximately 6 db less than the direct received energy (Johnson,
A. L., 1979). The bottom received signal, Figure 16, appesrs noise-iike with fade rates of 10 to 100 Nz.
and a peak-to-null amplitude of 10 to 15 db. Over land, at a high elevation angle, the bottom antenna
yielded a Yess consistent reflected signal, Figure 17. The average signal energy was approximately 10 db
less than the direct signal,

4, TMPROVEMENT FACTORS
4. Antenna Polarization

The fact thet the reflection coefficient is dependent upon antenna or signal polorization leads to the
obvious conclusfon that different signal polarizatfons will experfence different muyltipath fading depths.
Exparimental observations have confirmed the predicted results. Measurements of the signal received from &
sate}1ite utilizing 2 linear antenna polarization showed that the multipath fading depth increased sharply
as the elevation angle decreased, Figure 18, Multipath fade depths of greater than 20 db were experienced
at very low elevation angles (Jorden, K. L., 1969).

However, satellites which employ circular polarization provide considerable protection sgainst low angle
multipath fading. Extensive measurements are susmarized in Figure )8 showing that the multipath fading
tends to peak up at d noderately low elevation sngle with the fade depth seldom exceeding 10 or 12 db
(Johnson, A. L., 1974). As the elevation angle decreased, the fade depth decreased to approximately 5 db.

4.2 Antenna Directivity

If a directive aircrift antenna cen be used to minimize the {1lumination of the reflecting surface, the
multipath fade depth can be reduced significantly. As discussed in Section 2.1, antenns directivity {s the
largest multipath fade factor under the system designer's control,

4,3 Diversity Technigues

Due to the multipath geometry, the multipath fading is very frequency selective. As a result, frequency
diversity technigues work extremely well to overcome the multipath fading. The results of a triple
frequency diversity scheme are shown {n Figure )9 (Johnson, A. L., 1568). The maximum frequency separation
from Frequency 1 to Frequency 6 15 300 XH2. The elevation angle at which this multipath occurred was
approximately 8%, From Figure 19 1t can be seen that when Frequency 1 is in a fade, Frequency 6 15 at f{ts
multipath peak. The utilfzatfon of & diversity combiner can virtually eliminate the effect of this type of
muitipath fading.

Another example of frequency diversity is rapid frequency hopping of 2 signal where the hopping rate is
greater then the data rate (Johnson, A. L., 1972). Fioure 20 shows zhe received signal level of sn unhopped
and a fast-hopped signal. Combining the multiple frequency hopped chips into a single data bit significantly
reduces the effect of the multipath fading period.

Space, or antenna diversity, can significantly reduce the mitipath fading if the antennas are »paced far
enough apart to decorrelate the fading. Vertical spacing of approxiwately 5 to 10 wavelengths is usually
sufficient to decorrelate the fading., Horizontal spacing of 50 to 100 wavelengths is needed to provide
similar decorrelation,

Time diversity techniques also improve multipath fading performance. The use of error correction coding can
provide the needed time diversity. Usually interleaving of data bits is required to break up the burst
errors which multipath fading produce. Error correction coder/decoders can only effectively correct random
error patterns.

5.0 UNEXPECTED MULTIPATH RESULTS

5.1 Coastal Multipath

An unexpected result of the bottom antenna test described in Section 3.2 was the discovery of a strong,
specular refiective component as the aircraft passed over a coastal zrea. This effect was noted 3s the
atrcraft flew in the vicinity of the Gulf of Hexico at a high elevation angle to the satellite. An {rregulsr,
noiselfke signal was experienced as the aircarft flew over Texas, Ficure 21. As the aircraft approached

. rhe rascr nf Towre 2 cnamnisr roflertinm vae warnsved FAar snnaravieaealy Ame minea The ssrrrafr 'h.—'\.\’lf-"’ PR
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of 10 to 15 miles. This specular component {s not peculiar to the Texas coast, but has been recorded along
the coast of Louisians, Virginia, Canada, Greenland, Mexico, Centra) America and Hudson Bay (Johnson, et al,
1977 and 1979). The strength of the specular reflection is 10 great that its effect 15 visidle on an upward-
looking sntenna, Figure 22. The upward antenna has a discrimination factor of approximately 30 db between
the direct and reflected signal. The ringing type multipath shown in Figure 22 was recorded 8s the aircraft
passed over the coast of Lovisiana (Johnson, A. L., 1978-2]). The 2 db of multipath s the result of 2
reflected signal which is down approximately 14 db below the direct sigmal.

6, CONCLUSION

Test results have confirmed that severe myultipath fading can be experienced when the aircraft is communicating
with & satellite at low elevation angles. Over water & deep, continuous muitipath is usua)ly experienced,
while over land, a sporadic myltipath s usually encountered. Techniques which can significantly reduce

the mutipath fading include antenma discrimination, use of circular polarfzation and frequency diversity.
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